We investigated the changes of muscle fiber conduction velocities (MFCV) and myopathology in denervated extensor digitorum longus (EDL) and soleus (SQL) muscles following sciatic nerve section in 29 adult Wistar rats. Although muscle fiber diameter of SQL was larger than that of EDL, MFCV of the SQL was slower than the EDL. SQL was composed mainly of type 1, and EDL manly of type 2 fibers. After denervations, muscle weight, fiber diameter, and MFCV decreased. The decrement of MFCV was abrupt after denervations as compared with gradual decrease of the weight and diameter.
Introduction
Muscle fiber conduction studies have become the focus of attention in the recent years. An electric potential propagates through the sarcolemma when direct electrical stimulation is applied to the muscle fibers.1,2) The method of estimating the muscle fiber conduction velocity (MFCV) by needle electrodes have been used clinically since the 1950's,3-5) while the method using surface electrodes has been recently reported.6,7) Hitherto, the muscle fiber type and the muscle fiber diameter are thought to be factors that affect the MFCV. [8] [9] [10] In animal experiments, Kossler used the rat sternocleidomastoid muscle to measure the conduction velocity of single muscle fibers,9) and found that the conduction velocity of type 1 fibers was slower than type 2. Experiments on the human vastus lateralis muscle by Sadoyama et al10) revealed that the influence of the muscle fiber type on MFCV was greater than that of the muscle fiber diameter. Thus, clinical investigation has been focussing on estimation of type composition of muscle fibers in athletes10) and muscle fatigue.11,12) Estimation of distribution of muscle fiber diameter from propagating action potentials along muscle fibers is another concern for evaluation of disuse muscle fiber atrophy.1,13,14) Abnormal slowing of MFCV has been reported in muscle disease like Duchenne dystrophy,6,7) polymyositis,4,5) and hypokalemic periodic paralysis.15) On the other hand, only limited, preliminary reports are available as to neuropathic conditions such as Guillain-Barre syndrome7) and brachial plexus injury.5,16) As far as we know, however, there are no reports showing relationship among muscle fiber type, size, and MFCV in the denervated muscles. Measurement of the MFCV may be of clinical relevance to early detection of denervation before denervation potentials appear in the needle electromyogram of the muscle. Furthermore, the present technique for measuring the MFCV is non-invasive as compared with the conventional needle study.
Therefore, using a denervation animal model in the present study, we investigated the relation between MFCV and the muscle fiber type as well as the relation between MFCV and the muscle fiber size of two different muscles.
Materials and Methods
Twenty nine male Wistar rats, aged 12 weeks, were used in this study. Under general anesthesia by intraperitoneal injection of pentobarbital (80 mg/kg), the sciatic nerve was exposed through lateral side of the left thigh and cut distal to the ischial tuberosity. The cages used for breeding the rats measured 25x20x18cm, and were kept in an air-conditioned room (temperature: 23C+1C, humidity: 55%). Food (Japan Clea Co., CE-2) and water were given freely. MFCVs of the extensor digitorum longus (EDL, which is composed mainly of white muscle fibers) and the soleus (SOL, which is composed mainly of red muscle fibers) were bilaterally measured under general anesthesia, 1, 2, 3, and 4 weeks following the nerve section. After exposing each muscle, MFCV was measured by direct stimulation of the distal portion of the muscle free from neuromuscular junctions. A surface electrode array was manufactured (Unique Medical Co.), in which two stimulating and four recording electrodes, 3x0.1mm in size, were placed parallel in a plastic bed. The distance from the stimulating cathode to the recording electrodes ranged from 5 to 11mm.
Each recording electrode was equally spaced with 2mm pitch.
Neuropack 8 (Nihon Kohden Co.) was used for electrical stimulation and potential recording. The stimulation frequency was set at 1 Hz and the duration of the impulse was made 0.2ms. The stimulus intensity was gradually increased until sizable potentials in similar shape were obtained from four recording electrodes. The reference electrode was placed in the ipsilateral femoral muscle. The conduction velocity was calculated from difference of peak latencies of the potentials obtained by the first and fourth recording electrodes. We looked into about three different positions in order to obtain reproducible data. The detail of the recording method is available elsewhere. 14) As compared with the size of the EDL and SQL muscles, both stimulating and recording electrodes are large enough to cover the half of the muscle. The MFCV measured by the present method therefore is assumed to represent the average of a large number of muscle fibers under the electrodes. After MFCV measurement, the EDL and SQL were dissected, and the weight of the muscles was measured. Then the muscles were prepared for histochemical staining. Freezing was done by refrigerated isopentan (-160C) in liquid nitrogen, and the specimens were kept in a freezer (-80C).
Each specimen was cut into serial sections of 8um thickness by the microtome (Leica Co., Cryocut 1800). ATPase staining was done in accordance with Dubowitz et al's method.17) As the ATPase staining method is easily affected by room temperature, the staining temperature was maintained at 20C in an incubator. The muscle fiber types were classified by using alkaline preincubation solution (pH9.4) for routine ATPase staining, and acidic pre-incubation solutions (pH 4.6 and 4.3, respectively) for modified ATPase staining. A digitizer (Graphtec Co.) was used for measuring cross sectional area of each type of muscle fibers. More than 200 muscle fibers were assessed in each muscle. MFCV of the EDL on the denervated side decreased gradually (Fig, 1(A) ). However, MFCV of the SQL did not change after the marked delay that was observed 1 week (1.5+0.43m/s) after nerve section ( Fig. 1(B) ).
Changes of muscle wet weight
No sequential changes in the muscle wet weight of EDL due to nerve section were observed on the sound side. The average in all rats was 0.23+0.03
g. Qn the denervation side, the weight of the EDL decreased gradually after nerve section (Fig. 2 (A)). Similarly, there were no changes in SQL weight on the sound side, and the average weight in Fig. 1 Changes of MFCV in EDL (A) and SQL( B). MFCV of both EDL and SQL muscles decreased within a week after denervation. MFCV did not markedly change thereafter until 4 weeks of the experiment. Fig. 2 Changes of muscle weight of EDL (A) and SOL (B). Wet weight of the EDL muscle decreased gradually in parallel with weeks after denervation (A) while that of the SQL did not decline obviously from a week after denervation (B). all rats was 0.18+0.03g.
On the denervation side, the weight decreased gradually after nerve section (Fig. 2(B) ).
The modest increase of the EDL and SOL weight at the second week was seen on the sound side ( Fig. 2(A), (B) ). We assume that the increase is attributable to the growth of the rats.
Muscle fiber type composition and the changes
In EDL on the sound side of all 29 rats, percentage of type 1, type 2 A and type 2 B fibers were 22+7%, 55+13%, and 23+16%, respectively. In SQL on the sound side, type 1 and type 2 fibers were 61+20%, and 39+20%, in composition. In the muscle fibers on the denervation side, the enzyme activity decreased due to nerve section, and types 2A and 2B
were not discriminative in many cases. Therefore, by routine ATPase staining alone, the muscle fibers were classified into types 1 and 2 only. In EDL, type 2 fibers made up the greater portion throughout the 4 weeks. Conversely, the SQL was composed mainly of the type 1 fibers on the denervation side similarly to that on the sound side.
Changes of muscle fiber diameter
The average muscle fiber diameter on the sound side was not affected by the nerve section on the opposite side. The average diameter in EDL was 20+1.7um for type 1, and 25+2.2um for type 2 fibers. The diameter of the type 2 fibers was larger than that of the type 1 (p<0.05). The average in SQL was 32+3.0pm for type 1, and 30+3.1pm for type 2 fibers. There was no significant difference in diameter between them. The muscle fiber diameter Fig. 3 Changes of muscle fiber diameters in EDL.
Diameter of both type 1 and 2 muscle fibers in the EDL muscle did not change in a week after denervation. After a week on, however, the diameter decreased with time. Fig. 4 Changes of muscle fiber diameters in SQL.
Diameter of both type 1 and 2 muscle fibers in the SQL muscle slightly decreased a week after denervation. The diameter decreased thereafter until the smallest diameter was reached during 3-4th weeks of the experiment.
of SQL was larger than that of EDL. Figures 3 and   4 show the changes in average muscle fiber diameter after the denervation.
One week after nerve section, the diameter of type 1 fibers of EDL was 21+1.9um
without noticeable change as compared to that preoperatively. However, it decreased gradually. Similarly, the diameter of type 2 fibers one week after nerve section was 24+2.4um without difference from that on sound side. It gradually decreased (Fig. 3) . On the other hand, the average muscle fiber diameter of both types in SQL decreased starting from the first week after denervation (Fig. 4) . We can also estimate muscle fiber composition which is important for determining an aptitude for the marathon runner.10) Evaluation of disuse muscle atrophy by MFCV is another concern.1,14) The present study has focused on major determinants of MFCV. It also has clinical implications for evaluation of denervated condition of the muscle by use of MFCV.
We examined the difference in MFCV between EDL (white muscle) and SQL (red muscle) in the rat, and found that MFCV of EDL was significantly faster than that of SQL. As the muscle fiber diame- 
